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Introduction
In a previous paper we have shown that the 1loop virtual SUSY EW effects in the process ug → dW + , present a number of remarkable properties [1] . Among them, is the role of SUSY in ensuring the validity of Helicity Conservation (HC) for any two-body process at high energy, to all orders in perturbation theory [2] . By this we mean the fact that at very high energies and fixed angles, the only surviving two-body amplitudes are those where the sum of the initial particle helicities equal to the sum of the final particle helicities [2] . According to HC, these are the only amplitudes that could possibly contribute at asymptotic energies, and in fact receive the logarithmic enhancements extensively studied in [3] and [4] . All the rest must vanish in this limit.
These results raised several questions concerning the deeper reasons for the validity of HC, and whether terms involving ratios of masses could possibly violate it 1 . Such questions called for further studies of various explicit processes [1] . Particular among them, are processes involving heavy SUSY-particles in the final state, where establishing of HC is expected to be delayed.
Along these lines of thought, we present here an analysis of the process ug →d Lχ + i , which starts from the same initial state as ug → dW + , but its final state involves SUSY partners of dW + . Such a study could provide insights into the SUSY implications, which of course become clearest at the highest energy.
Denoting the helicities and momenta of the incoming and outgoing particles in the above process as u(p u , λ u ) + g(p g , λ g ) →d L (pd) +χ
we write the corresponding helicity amplitudes as Fχ λuλgλχ . At Born level, these amplitudes are determined by the two diagrams in Fig.1a , characterized by a u-quark exchange in the s-channel, and ad L -squark exchange in the u-channel. Because of the negligible u and d quark masses, the charginos couple only through their pure gaugino components, so that the appearance of a right-handedd R -squark in the final state is very strongly suppressed. Moreover, the incoming u-quark must always be lefthanded, with λ u = −1/2. The mixing in the (d L ,d R ) system is also generally negligible, since it behaves like m d (A d − µ tan β)/M 2 q , with M q being the soft SUSY breaking mass term. Only for extremely large µ tan β it may acquire some relevance, which can easily be taken into account at the end, when discussing the numerical results 2 . Therefore, we neglect (d L ,d R )-mixing in the theoretical part of this work.
These properties remain true also at the 1loop EW level, as it can be seen from the relevant diagrams, shown in Figs.1 and 2. So, only four independent helicity amplitudes remain for the process (1), corresponding to λ g = ±1 and λχ = ±1/2; namely 
The HC rule would then predict that at fixed angles, and energies much larger than all SUSY masses, the first three amplitudes Fχ −−− , Fχ −−+ and Fχ −+− should all vanish, most often like M 2 /s, with M being some "average" SUSY mass [2] . Only the last amplitude Fχ −++ , which respects HC, could possibly have a non-vanishing, logarithmically increasing limit [2, 3, 4] .
To see this explicitly, we make a complete computation of the one loop electroweak contributions to the ug →d Lχ + i helicity amplitudes. Our results are contained in a FORTRAN code, available at the site [5] , which calculates all four helicity amplitudes of (2), in any MSSM with real parameters.
Using these results, we then present the angular and energy dependance of each helicity amplitude, for three benchmark cases covering light, medium and high SUSY masses. This way, we try to illustrate how HC establishes itself at high energies. In particular, how the corrections to the leading amplitude F i −++ match the high energy leading logs approximation; and how the individual, relatively large contributions to the helicity violating amplitudes, cancel each other at high energies, and produce vanishing results, in accordance to the HC rule.
We next compare these results to those for ug → dW obtained in [1] . Denoting the ug → dW 1loop helicity amplitudes as F i -production, we derive relations which test the supersymmetric connection between the two processes at asymptotic energies. These are subsequently transformed to simple relations among the differential cross sections for ug →d Lχ + i and ug → dW + , which should be very good asymptotically, but may be "not bad" for LHC energies also.
Studying experimentally these SUSY σ-relations, could teach us how the asymptotic SUSY properties are modified at LHC energies by "constant" terms; i.e. terms which do not depend on energy, but may depend on the scattering angle and the SUSY masses and couplings.
Independently of these, we also study the exact one-loop EW corrections tod Lχ + iproduction at LHC, and compare it to the corresponding study for W +jet production [1] . In particular, we study the angular and transverse momentum distributions. Such a study provides a test of whether the identification of two "candidate particles" possibly pair-produced at LHC, as ad L and aχ
The contents of the paper are: In Sect.2, the Born and the 1oop EW contributions to the ug →d Lχ + i helicity amplitudes are presented, as well as the FORTRAN code. In Sect.3, the high energy properties of the ug →d Lχ + i and ug → dW + amplitudes are given, together with their SUSY relations. The corresponding numerical results appear in Sect.4, while in Sect.5 we give the EW contribution to the LHCd Lχ + i -production. Sect.6 contains our conclusions and outlook. ,
with the two terms
arising from the two diagrams in 3 Fig.1a . The u-quark exchange diagram is responsible for (9), while (10) comes fromd L -exchange in the u-channel. The overall factor λ a /2 describes the color matrices acting between the initial u-quark and the finald L -squark, while g s is the QCD coupling. Finally,
expresses the ud L -coupling of the produced chargino, in terms of its gaugino-higgsino mixing matrix Z − , in the notation of [6] .
The 1loop EW corrections arise from the diagrams in Figs.1b,c and 2, to which we should also add the counter terms (c. We first discuss these c.t. and s.e. energy corrections, which are simply expressed by modifying the Born contribution (8, 9, 10) as
In the calculation, we always use the dimensional regularization scheme for the ultraviolet divergencies, while the infrared divergencies are regularized by a "photon mass" m γ .
As input parameters in our renormalization scheme, we use the W and Z masses, through which the cosine of the Weinberg angle is also fixed; while the fine structure constant α is defined through the Thompson limit [7] . For all couplings, we have checked that we agree with the results of [6] .
We next turn to the various c.t. and s.e. corrections: Defining the phase conventions for the self energies of the transverse gauge bosons, u-quark andd L -squark, so that the respective quantities −ig
, always have the phase of the S-matrix, we find
In all cases, these results are expressed in terms of simple B j Passarino-Veltman (PV) functions [8] . Particularly for the gauge boson s.e., the relevant results may be obtained from the appendices (12, 13) arise from the chargino renormalizationmatrices and the
Below we only present the part needed here, following [10] . The necessity for 2 ⊗ 2 chargino renormalization matrices arises from the existence of two charginos, whose mixing is affected by the 1loop self energy bubbles. They are defined throughχ
Defining then the chargino 1loop s.e. bubble contribution for the transitionχ
with p denoting the corresponding momentum, and choosing the phase as for the other fermions 5 , we obtain
if the initial and final charginos are of the same kind, and
when they are different. Here M j denotes the chargino masses for j = 1, 2, and we also have ΣS ij = Σ S * ji [10] . The expression needed in (12, 13) is then written as [10] 
, (22) where ∆ is the usual ultraviolet contribution, and Z − has been already defined. The bubbles contributing to Σ ij consist of the exchanges
Since, as in [1] , we always regularize the infrared divergencies by a "photon mass" m γ , the quantity α 2π m 2 γ ∆ must be added to the r.h.s. of the expression (C.18) of [9] . 5 More explicitly the phase of iΣ ij is chosen the same as for the S-matrix.
as well as the fermion-sfermion bubbles. They have all been expressed in terms of B j functions.
Using (14) (15) (16) (17) (18) (19) (20) (21) (22) and the substitutions (12, 13) in (8), we obtain the full contribution arising from the Born terms in Fig.1a , to which the counter terms and self energy contributions have been inserted. All these contributions have the form of 1loop bubbles with two external legs.
It is worth remarking here, that inserting the s.e. and c.t. corrections in (12, 13) , guarantees that we never have to worry on whether our regularization scheme preserves supersymmetry or not. This is an important feature of our approach, which was also used in [1] .
We next turn to the rest of the 1loop diagrams generically depicted in Figs.1b,c and 2. The full, broken and wavy lines in these figures, describe all possible fermion, scalar and gauge exchanges. In more detail, these exchanges are the following:
• The u-channel bubbles, with an upper 4-leg coupling depicted in Fig.1b , involve the exchanges
• The first two diagrams in Fig.1c describe s-channel left triangles involving the ex-
• The next 5 diagrams in Fig.1c describe the s-channel right triangles with the exchanges
• The next 3 diagrams in Fig.1c describe the u-channel up triangles with the exchanges
• The next 5 diagrams in Fig.1c describe the u-channel down triangles with the exchanges
jũ L ) .
• The last 2 diagrams in Fig.1c describe u channel triangles with an upper 4-leg coupling, with the exchanges
• The first 2 diagrams in Fig.2 , called direct boxes, involve the exchanges
• The next 3 diagrams in Fig.2 , called crossed boxes, involve the exchanges
• And finally, the last 2 diagrams in Fig.2 , called twisted boxes, involve the exchanges
Using the above procedure we calculate the four helicity amplitudes of ug →d Lχ
in MSSM, at the 1loop EW order. For regularizing the infrared divergencies we choose m γ = m Z . The same choice was made in [3, 1] and has the advantage of treating γ, Z and W ± on the same footing at high energies, thus preserving the SU(2) ⊗ U(1) symmetry [11] .
Under this choice, the results for the real and imaginary parts of the helicity amplitudes, for any energy and scattering angle, they may be obtained from a FORTRAN code available at the site [5] . All input parameters in that code are at the electroweak scale, and they are assumed real. If needed, they may be calculated from a high scale SUSY breaking model using e.g. the SusSpect code [12] .
To eliminate possible errors, we have checked that the code respects the HC theorem, so that the 3 helicity violating amplitudes Fχ −−− , Fχ −−+ , Fχ −+− exactly vanish asymptotically. This is indeed a very efficient tool for identifying errors. The reason is that the helicity violating amplitudes receive relatively large 1loop corrections from the various triangle and box diagrams. Only when these are combined, they largely cancel each other, producing a small result, which vanishes asymptotically. A seemingly innocuous error can easily destroy this cancellation.
In addition, we have of course checked that the divergent ∆ contributions cancel out, both analytically and in the code.
In the illustrations presented below, we select three constrained MSSM benchmark models covering a range ford L and chargino masses, within the 1 TeV range. They are shown in Table 1 .
The first of these benchmarks is a "heavy" scale model we call FLN mSP4, which has been suggested in [13] and is consistent with all present experimental information 6 . In this model, thed L mass is predicted at 1.66 TeV, while the lightest chargino lies at 98.6 GeV. This model has been selected to show the effects of heavy, but still within the LHC range,d L -masses 7 . The quantity M SU SY in the last line of Table 1 , gives an average of the SUSY masses entering the asymptotic expressions in the next section.
For the "medium" and "light" scale examples in Table 1 , we use the same models as in [1] . Thus, for the "medium scale", we have taken the SP S1a ′ model of [14] , which is essentially consistent with all present knowledge [13, 15] . The "light" scale model appearing in the last column of Table 1 , is already experimentally excluded. But it is nevertheless used here in order to indicate what would had been the picture, if the LHC energies were much higher than all SUSY masses.
In Section 4, we show how the various helicity amplitudes behave with energy in these examples, and how the HC property [2] , is asymptotically established.
Asymptotic amplitudes and SUSY relations.
We next turn to the asymptotic helicity amplitudes, for which simple expressions may be given.
As expected from [2] , out of the complete list of the ug →d Lχ + i helicity amplitudes given in (2), only Fχ −++ remains at asymptotic energies and fixed angles; all the rest must vanish. Using then the asymptotic expressions for the PV functions, taken e.g. from [17] , we obtain
where the leading logarithmic corrections are of course in accordance with the expectations from the general analysis of [3] . The parameter M SU SY in (25), appears in the last line of Table 1 .
In addition to the log-corrections, we have included in (25) the subleading nonlogarithmic correction described by the so called "constant" contribution C M SSM −++ (χ i ). In principle, C M SSM −++ (χ i ) can be analytically computed from the "constant" terms in the asymptotic expansions of the PV functions given in [17] . The expressions are lengthy though, depending on all internal and external masses and the scattering angle. We refrain from giving them, and only present in Table 2 their numerical values forχ 1 , for the three models considered, at some choices of the angles. As seen there, the angular dependence of C As can be checked from the code in [5] , the imaginary part of the Fχ −++ amplitude is also non-vanishing asymptotically, behaving as
We next turn to the corresponding asymptotic expressions for ug → dW studied in [1] . Denoting the helicity amplitudes for this process as
, we find that the list of independent ones now is [1]
out of which, only the first two are helicity conserving and remain non-vanishing asymptotically. At the 1loop level of EW corrections, they are given by
in any MSSM model, provided the energy is much larger than the SUSY masses [1] .
Note that the M SU SY parameter in (28,29) has been chosen the same as in the ug →d Lχ . These "constants" turn out to be rather insensitive to the MSSM model, but depend mildly on the scattering angle and the helicities 8 . They could be analytically calculated using [17] , and their numerical values are given in Table 3 . Comparing (25), with (28, 29), we see that the only differences between ug →d Lχ + i and ug → dW + lie in
contributing in the last line of (25), and of course in the "constant" terms. Neglecting these "constant" terms, we obtain the F-relation:
which is a genuine asymptotic SUSY prediction, valid at the logarithmic level. If the exact 1loop EW results are used for calculating the amplitudes in the various parts of (31), then violations arise which come either from the "constant" terms in (25, 28, 29), or from mass-suppressed contributions to the relevant amplitudes. In Section 4 we illustrate tests of the F-relation in the models of Table 1 .
Remembering that dσ(ug →d Lχ
where β ′χ is defined in (5), and that
with
we conclude that
In deriving (35), we used the fact that all helicity violating amplitudes vanish asymptotically. The relation (35) is also a genuine asymptotic SUSY relation that we call σ-relation. Its violations could come either from the "constant" terms in (25, 28, 29), or from masssuppressed contributions to any of the helicity conserving or helicity-violating amplitudes.
It may also be worth remarking that (31) and (35, 36) should remain true even at energies where the 1loop approximation for the helicity conserving ug →d Lχ + i and ug → dW + could not be adequate, provided the SUSY scale and aχ W remain sufficiently small; compare (30).
Considering the approximations made in deriving (31) and (35), we would naively expect that, at not-very-high energies, the F-relation is more accurate than the σ-relation. We will see in the next Section, that the actual situation is opposite. Somehow the violations induced by the helicity-violating amplitudes in (35), cancel those coming from the helicity-conserving ones, so that (35) becomes quite accurate at LHC energies; at least in the three models of Table 1 .
At energies much larger than thed L -mass and the masses of both charginos, the u, t variables become independent of the final state masses, which then simplifies (35) to
In such a case, the orthogonality of the Z − matrix may be used to write
4 Numerical Expectations.
In this Section we present the expected behavior of the helicity amplitudes and SUSY relations, in the three models of Table 1 . Close to threshold for the ug →d Lχ + i process, we would generally expect all four helicity amplitudes (2) to have comparable magnitudes; but far above threshold we should see the dominance of the F i −++ amplitude predicted by HC [2] . The actual situation for the SP S1a ′ model, is illustrated in Figs. 3 describing the energy and angular dependencies of the real parts of the four amplitudes in (2), for χ + 1 -production; (the imaginary parts are always smaller or much smaller). The results presented in these figures are at both, the Born and the 1loop EW level.
As seen in Fig.3a , where the scattering angle has been chosen at θ = 60 o , the amplitudes Fχ −++ , Fχ −−− , Fχ −++ and Fχ −−+ are comparable in magnitude, for energies constrained by √ s 1.2TeV; while Fχ −+− is much smaller. Moreover, at such energies the 1loop corrections are very small, so that the Born and the 1loop results almost coincide. The situations changes dramatically in Fig.3b , in which the energy is allowed to reach the 25TeV region. There we see, that for √ s 4TeV, the three helicity violating amplitudes Fχ −−− , Fχ −++ , Fχ −+− are very small and decreasing with energy, while the helicity conserving Fχ −++ dominates. Moreover, at such energies the 1loop corrections to the helicity conserving amplitudes become very large, because of the large logarithmic corrections in 9 (25). In Figs.3c and d , the angular dependence of the helicity amplitudes are indicated at √ s = 1TeV and √ s = 4TeV respectively. As seen there, the predominance of Fχ −++ against the other three amplitudes, is only established at 4TeV, provided θ 150 o . For larger angles, an even higher energy is needed 10 .
The same type of effects appear also in Figs.4 based on the "light" model of Table  1 ; and in Figs.5 based on FLN mSP4 of the same Table. The only difference is that the predominance of Fχ −++ appears earlier for "light" and later for FLN mSP4, due to the differences in the SUSY threshold. We note particularly that the Fχ −+− amplitude is always very small, at all energies.
Qualitatively similar results arise also forχ We next turn to testing the F-relation (31), at the level of our 1loop EW results. To this aim we compare in Fig.7a , the 4 quantities
, Fdχ
as functions of the energy, using the "light" model and fixing the angle at θ = 60 o . The last two terms in (39) come fromχ ′ and FLN mSP4 models are also shown. As seen in these figures, the parts of (39) referring to ud → dW , almost coincide at all energies, for all three models. The deviations of the right parts though, coming from ug →d Lχ + 1 or ug →d Lχ + 2 , depend on the scale of the MSSM model; they are negligible for the "light" model, and increase as we move to SP S1a ′ and then to FLN mSP4. We note that the relative magnitudes of these deviations become constant at high energies, since they arise from the "constant" terms in (25) and (28, 29) .
Correspondingly, the testing of the σ-relation (35), is done in Figs.8 and 9 , at the level of our 1loop EW results. More explicitly, we compare in Figs.8a,b ,c, the three quantities
as functions of the energy, for the "light", SP S1a ′ and FLN mSP4 models respectively, using θ = 60 o . Correspondingly, in Figs.9a,b ,c, we compare the angular dependencies of the same quantities, fixing the energy at 3 TeV. As seen there, the σ-relation is almost perfect for the "light" model, gradually worsening as we move towards models with higher supersymmetric masses; i.e. to SP S1a ′ first, and then to FLN mSP4. In fact this worsening is very small forχ + 1 production, and increases forχ + 2 production, obviously due to the higher chargino mass.
We may also add here that in case the (d L ,d R )-mixing is not fully negligible, and somẽ d 1 ,d 2 are the true sdown squarks, then this mixing can easily be taken into account by replacing in (40)
Comparing Figs.7, with Figs.8 and 9, we conclude (with some surprise), that the σ-relation is more accurate than the F-relation. This is most impressive in theχ + 1 case for the medium and heavy scale models SP S1a
′ and FLN mSP4, where the low energy F-relation deviations in Fig.7b,c, 
Predictions ford Lχ
Contrary to the results in the previous Sections 3 and 4, this Section does not involve any asymptotic energy assumption. Instead, the code for the ug →d Lχ + i helicity amplitudes presented above, is used to calculate thed Lχ + i production at the actual LHC energies. We present results, both at the Born level, as well as at the level of the 1loop EW corrections. Our aim is to see whetherd Lχ + i -production and its SUSY 1loop corrections, are visible at LHC.
As already said, the infrared divergencies are avoided by choosing m γ = m Z . All other infrared sensitive contributions, are supposed to be included in the pure QED contribution, following the same philosophy as in [1] .
Next, we first discuss the angular distribution in the c.m. of thed Lχ + i -subprocess at LHC. In analogy to W +jet production in [1] , and folding in the needed parton distributions [18] , this is given by
where s = x a x b S, with √ S = 14 TeV being the e LHC c.m. energy, and
Here, (32) should be used, and we should also remark that the CKM-matrix effects are negligible in (42).
The implied angular distributions at the Born and the 1loop EW approximation, are then given in Figs.10a and b, corresponding to √ s = 3TeV and √ s = 6TeV respectively, for the three MSSM models of Table 1 . As seen there, the overall magnitude of the cross section is at the level of 0.1fb/TeV 2 for √ s 3TeV, while the 1loop EW contribution always reduces the Born result. For √ s = 3TeV and θ ∼ 50 o , this reduction is at the 30% level for the "light" model, the 20% level for SP S1a ′ , and the 10% level for FLN mSp4. Such cross sections seem difficult to measure at LHC, mainly because of the large value of √ s. Only closer to threshold, we could get measurable cross sections 11 .
Correspondingly, thed L orχ + i transverse momentum (p T ) distribution at LHC is determined by first noting that
where (7) is used, and then using
where
The relevant results for the three models in Table 1 are presented in Fig.10c , again for the Born predictions and the 1loop EW corrections. As before, the 1loop contribution always reduces the Born prediction, by an amount which for p T ∼ 0.6TeV lies at the level of 18% for the "light" model, 11% for SP S1a ′ , and 7% for FLN mSP4. For W +jet production, the corresponding effect was found at the 10% level [1] .
For an integrated LHC luminosity of 10 or 100 fb −1 /TeV, it seems possible to measure this directd Lχ + i production, assuming that the masses are not too high. To achieve this, the experiment needs of course to include properly all necessary infrared QED, and the higher order QCD effects.
The ratio of thed Lχ + i LHC distributions, given (42) and (45), with respect to the corresponding quantities for W +jet production studied in [1] , may then provide a basic test of the supersymmetric nature. For sufficiently light SUSY masses, it may even be possible to determine the 1loop EW reductions of the Born contributions.
Summary and Conclusions
In this paper we have calculated the four independent helicity amplitudes for the process ug →d Lχ + i , to 1loop EW order in MSSM. The results are contained in a code, valid for any set of real MSSM parameters in the EW scale, and released at [5] .
Combining these results, with the previous ones in [1] , we pursued the following three aims.
The first aim is to understand how the asymptotic Helicity Conservation property for ug →d Lχ + i , reflects itself, as the energy is reduced to non-asymptotic or even LHC values. As compared to the ug → dW case, the establishment of HC ind Lχ + i -production is delayed, by the higher masses of the produced particles. But HC may nevertheless be visible at subprocess c.m. energies of about 4TeV, if the SUSY scale is not too high. Compare the results in Fig.3 and 6 ford Lχ + 1 andd Lχ + 2 production respectively, based on the SP S1a ′ -model [14] . The recent very precise analysis of [15, 13] , allows entertaining the hope that this is a viable possibility in Nature.
The second aim concerns at identifying simple SUSY relations between the processes ug →d Lχ + i and ug → dW + , characterized by the same initial state, but having their final states constituting supersymmetric particle pairs. Assuming energies much higher than all SUSY masses, we derive two such relations affecting the dominant high energy amplitudes and the corresponding cross sections, called respectively F-relation and σ-relation respectively. Using then three model examples covering a reasonable scale of SUSY scales, we investigate how the deviations of these relations develop, as the energy is reduced down to the LHC range. Particularly for the σ-relation, we have found that it may be quite accurate at LHC energies, or so; provided the SUSY scale is not much larger than the one of the FLN mSP4 model of Table 1 . If this is case, they may be used in testing the consistency of identifying a pair two new particles produced at LHC, as consisting of ad L and a chargino. This seems even more true for theχ + 1 case, probably due to the lighter chargino mass.
The third aim was to present the Born contribution and the 1loop EW corrections, to thed Lχ + i production at LHC, without any high energy assumptions. Both, the angular and transverse momentum distributions were studied. As in the W +jet production case [1] , the SUSY 1loop corrections were always found to reduce the Born contribution, roughly by an amount at the 10% level. This may be observable, provided the SUSY scale is not too high.
Combining in fact thisd Lχ + i production study, with the corresponding one for W +jet production [1] , offers stringent tests of the nature of candidate supersymmetric particles. Because, we should not only have a reasonable magnitude for the Born contribution to ug →d Lχ + i , but also the 1loop EW corrections to this process, as well as to ug → dW , should come out right.
Finally, we come back to the intriguing helicity conservation property of any 2-to-2 body process at asymptotic energies, in a softly broken renormalizable supersymmetric theory 12 [2] . Its realization comes about after the appearance of huge cancellations among the various diagrams. Both, here and in previous work [1, 20] , we were fascinated to see this happening in detail, so that no terms involving ratios of masses destroy it. This is most tricky, when longitudinal gauge bosons and Yukawa couplings are involved; we intend to examine such cases in the future.
Of course, since HC is an asymptotic theorem, its phenomenological relevance depends mainly on the external masses. If the external masses are not too heavy, like in ug → dW , it may be partly realized already at LHC energies [1] . If the masses are heavier, like in the present ug →d Lχ + i example, its realization is delayed. In any case though, it provides a stringent test of any theoretical calculation of such supersymmetric processes . (dash line with squares) production parts, using the models "light" (a), SP S1a ′ (b), and FLN mSP4 (c). The energy is fixed at √ s = 3TeV.
The corresponding masses ofχ Table 1 ; (a) gives the angular distributions at √ s = 3TeV, (b) the angular distribution at √ s = 6TeV, (c) the transverse momentum distributions.
